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Hsp90, an essential eukaryotic chaperone, depends
upon its intrinsic ATPase activity for function. Crystal
structures of the bacterial Hsp90 homolog,HtpG, and
the yeast Hsp90 reveal large domain rearrangements
between the nucleotide-free and the nucleotide-
bound forms. We used small-angle X-ray scattering
and recently developedmolecularmodelingmethods
to characterize the solution structure of HtpG and
demonstrate how it differs from known Hsp90 con-
formations. In addition to this HtpG conformation,
we demonstrate that under physiologically relevant
conditions,multiple conformations coexist in equilib-
rium. In solution, nucleotide-free HtpG adopts amore
extended conformation than observed in the crystal,
and upon the addition of AMPPNP, HtpG is in equilib-
rium between this open state and a closed state that
is in good agreement with the yeast AMPPNP crystal
structure. These studies provide a unique view of
Hsp90 conformational dynamics andprovideamodel
for the role of nucleotide in effecting conformational
change.
INTRODUCTION
Hsp90, an essential eukaryotic protein, is a member of the mo-
lecular chaperone protein family that facilitates protein folding
within the cell. Like the well-studied Hsp70 and GroEL chaper-
ones, Hsp90 interacts with substrate proteins, known as client
proteins, in an ATP-dependent manner (Young et al., 2004).
ATP binding and hydrolysis facilitates conformational changes
in the chaperone that are required for client protein activation
(Feltham and Gierasch, 2000; Grantcharova et al., 2001; Mayer
and Bukau, 2005; Richter and Buchner, 2001; Young, et al.,
2001, 2004). Unlike Hsp70 and GroEL, however, Hsp90 appears
to interact with client proteins at late stages along the protein
folding pathway when the client proteins are in near-native-state
conformations (Freeman and Yamamoto, 2002; Picard, 2002;
Pratt and Toft, 2003; Richter and Buchner, 2001; Young et al.,
2001; Zhao et al., 2005). Hsp90 is believed to induce subtle con-Structurformational changes within its client proteins, promoting the
binding and release of ligands or the interaction with partner pro-
teins. Hsp90 binding also serves to protect some client proteins
from ubiquitinylation and subsequent degradation (Caplan et al.,
2007; Whitesell and Lindquist, 2005). In eukaryotes, Hsp90 inter-
acts with a broad array of client proteins that are dominated by
signaling and regulatory proteins. These client proteins include
serine/threonine and tyrosine kinases, steroid hormone nuclear
receptors, transcription factors, and tumor suppressor proteins
(Caplan et al., 2007; Pearl and Prodromou, 2006; Picard, 2006;
Richter and Buchner, 2001). Many Hsp90 client proteins, includ-
ing Cdk4 and v-Src, are oncogenic or otherwise required for cell
proliferation, making Hsp90 an attractive target for anticancer
therapeutics (Neckers, 2007). Inhibition of Hsp90 with small mol-
ecules, such as geldanamycin and its derivatives, has been
shown to be antitumorigenic, and several of these compounds
are currently in clinical trials (Chiosis et al., 2003; Neckers and
Ivy, 2003; Workman, 2004).
Given the significant differences in the interactions with client
proteins, it is probable that Hsp90 has an underlying mechanism
distinct from either Hsp70 or GroEL. Even though nucleotide
binding and hydrolysis are required for the function of all three
molecular chaperones, the relatively subtle structural transfor-
mations effected by Hsp90 on native-like client proteins may re-
quire a different mechanism for coupling ATP to chaperone con-
formational state. Moreover, Hsp90 is a constitutive dimer, and
crystal structures show that, in the nucleotide-free (apo) state,
each of the three domains within each protomer (N-terminal
domain [NTD], middle domain [MD], C-terminal domain [CTD])
expose hydrophobic surfaces that likely serve for client protein
binding (Shiau et al., 2006). Recent crystal structures show that
binding of nucleotide to the NTD induces remarkably distinct
conformational states that decrease (AMPPNP; Ali et al., 2006)
or completely bury (ADP; Shiau et al., 2006) the exposed hydro-
phobic patches. These conformational changes presumably
act to alter client protein structure and to modulate client protein
binding. Although localized changes in the active site lid (residues
100–126) and the src loop (residues 281–296) are the origin of
these vastly different conformational states, the overall changes
are well described by rigid body domain rearrangements about
flexible linkers separating the domains (Shiau et al., 2006).
Although the crystal structures suggest a conformational path-
way that is related to chaperone function, these structures aree 16, 755–765, May 2008 ª2008 Elsevier Ltd All rights reserved 755
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HtpG Conformational Dynamics and Solution StructureFigure 1. Experimental SAXS Data for Apo
and AMPPNP-HtpG
(A) Averaged and scaled solvent-subtracted scat-
tering curves (I(Q)) for full-length HtpG without
nucleotide (black) and in the presence of saturat-
ing concentrations (10 mM AMPPNP, purple).
(B) P(r) calculated from the scattering data shown
in (A) (black and purple for apo- and AMPPNP-
HtpG, respectively). The P(r) curves are normal-
ized to have equivalent areas under the curve.
In solution, apo-HtpG is significantly expanded
compared to the AMPPNP state.unlikely to describe all of the steps required for chaperone func-
tion. Aswas noted by Shiau et al. (2006), the nucleotide-free state
of Hsp90 is incompatible with nucleotide binding; thus, the need
for an intermediate structure was proposed. Recently, the full-
length structure of the ER homolog, Grp94, was solved (Dollins
et al., 2007), showing a previously unknown conformation. While
the Grp94 NTD-MD conformation is virtually the same as the apo
bacterial Hsp90 (HtpG; Huai et al., 2005; Shiau et al., 2006), the
overall conformation is more closed than HtpG, and more open
than the AMPPNP-bound yeast structure. Therefore, it may rep-
resent an intermediate state along the chaperone cycle. Other
unknown intermediates may also exist at other steps along the
chaperone functional cycle. Moreover, it is unclear whether the
conformations observed in the crystals predominate in solution.
To address these and related questions, we have investigated
the structural properties of the Escherichia coli homolog HtpG
in solution by using small-angle X-ray scattering (SAXS). SAXS
has previously been used to study human Hsp90. Zhang et al.
(2004) used the radius of gyration (Rg) calculated from SAXS
data to show a compaction of Hsp90 upon the addition of the in-
hibitor geldanamycin. To gain more detailed structural informa-
tion from the SAXS data, we have developed robust molecular
modeling methods that use the known structures as the starting
point for rigid body refinement. From this analysis,we foundnovel
conformations of HtpG in solution, and determined that a set of
conformations can exist in equilibrium under physiologically rele-
vant conditions. These results provide important insights into the
role of nucleotide in modulating Hsp90 conformation, and have
implications for substrate binding, the molecular mechanism of
substrate activation, and the regulation of Hsp90.
RESULTS
Scattering Data for Apo and AMPPNP-Bound HtpG
To investigate the effect of nucleotide on the solution conforma-
tion of HtpG, we collected SAXS data for apo HtpG and HtpG in
the presence of a saturating concentration of the nonhydrolyz-
able ATP analog, AMPPNP. The scattering intensity, I(Q), was
measured for scattering angles (Q = 4psinq/l) from 0.01 to
0.3 A˚1 (Figure 1). The scattering data indicate that the apo and
AMPPNP-bound conformations in solution are distinct from
one another (R = 35.1%; R is analogous to the crystallographic
R-factor; see the Experimental Procedures). The Rg for both756 Structure 16, 755–765, May 2008 ª2008 Elsevier Ltd All rights rapo HtpG and HtpG-AMPPNP were calculated from the scatter-
ing data with the Guinier approximation. Apo HtpG has an Rg of
51.7 A˚, and HtpG-AMPPNP has an Rg of 47.5 A˚. The differences
between the two conformations are even more apparent when
comparing the interatomic distance distribution functions (P(r))
that can be directly computed from the I(Q) data by Fourier trans-
form. The P(r) function provides a histogram of the interatomic
distances foundwithin themolecule, giving information on shape
as well as maximum size. As seen in Figure 1B, the distance
distribution for HtpG-AMPPNP is narrower and has a smaller
maximum interatomic distance. These differences indicate
that HtpG-AMPPNP is considerably more compact than the
apo state, which is qualitatively consistent with the known
structures.
Analysis of the Apo State of HtpG in Solution Reveals
a Novel Conformation of Hsp90
Even though the SAXS Rg values are generally consistent with
the known structures, further investigation reveals that the
observed P(r) data for apo HtpG deviates significantly from the
P(r) function calculated from the apo crystal structure (R =
26.2%; Figure 2). The solution conformation is also quite distinct
from the apo Grp94 crystal structure (data not shown). In solu-
tion, apo HtpG has an Rg of 51.7 A˚, which is significantly larger
than that calculated from the atomic coordinates of apo HtpG
(44.3 A˚), apo Grp94 (39.8 A˚), or a modeled AMPPNP HtpG
(40.0 A˚; Figure 2A). While the location of P(r) peaks at 40 and
80 A˚ is consistent between the apo crystal structure and the
solution conformation, suggesting the preservation of local
structure, the solution conformation includes many interatomic
distances larger than those seen in the crystal structure (Fig-
ure 2B). Both the Rg and the P(r) function demonstrate that
HtpG is considerably more extended in solution than in either
the apo or AMPPNP-bound crystal structures.
Initial attempts at calculating a molecular envelope for HtpG in
solution by established ab initio methods (Svergun et al., 2001)
failed to give a reproducible result, even with perfect model
data (data not shown). This may be a general problem of large,
extended structures like the apo HtpG conformation. Since the
crystal structures indicated that Hsp90 conformational rear-
rangements arewell described by rigid body domainmovements
(Shiau et al., 2006), we used rigid body refinement of the known
crystal structures to better model the SAXS data.eserved
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HtpG Conformational Dynamics and Solution StructureFigure 2. Comparing Apo HtpG Scattering
Data to the Apo HtpG Crystal Structure
(A) Crystal structure for apo HtpG (Shiau et al.,
2006) and the homology model for AMPPNP-
HtpG based upon the yeast AMPPNP-bound crys-
tal structure (Ali et al., 2006). The homology model
was created by aligning the domains of HtpG to
those of the yeast crystal structure. The NTD is
shown in blue, the MD in green, and the CTD in
brown. The second monomer is shown in gray.
(B) Normalized P(r) curves calculated from the apo
crystal structure (red) and the AMPPNP-HtpG ho-
mology model (blue) compared to the normalized
experimental P(r) for apo HtpG (black). Neither
the apo nor AMPPNP crystal structures match
the experimental SAXS data.The simplest model for achieving the larger interatomic
distances seen in the experimental data allows the two arms
of the HtpG dimer to open and become more extended (Fig-
ure 3A). Examination of the apo crystal structure indicates
that the interface between the MD and CTD is small, burying
only 320 A˚2 of surface area. Also, the two domains are con-
nected by a long, flexible linker that could readily allow for
such conformational flexibility (Shiau et al., 2006). The plausibil-
ity of this region as a source of conformational flexibility is
further enhanced by the observation that while otherwise quite
similar, apo Grp94 pivots about a similar point to produce a nar-
rower open angle (Dollins et al., 2007). Finally, within the apo
HtpG crystal, NTDs and MDs of different dimers interact, which
could easily restrain the opening angle within the crystal (Shiau
et al., 2006).
In Solution, the HtpG Dimer Is Much More Open
Than in the Crystal
Through use of the simplest possible model to investigate the
effect of the HtpG dimer opening angle on the fit to the SAXS
data, we treated the dimer as three rigid bodies (Figure 3A).
The dimerization interface between the two CTDs was held con-
stant, and the configuration of the NTD relative to the MD was
also kept fixed. Only the orientation of the combined NTD and
MD (NMdomain) relative to the dimerization domain was allowed
to vary. A pivot point was set between the CTD and theMD along
the flexible linker connecting the two domains, and the rigid bod-
ies were allowed to rotate along either a defined axis or via a gen-
eral rotation. The rotation axis was determined by a comparison
of the apo and AMPPNP-bound crystal structures. Software
developed in the Agard lab (PRFIT) was used to perform a grid
search by rotating the NMdomains in a two-fold symmetric man-
ner about either the defined or general axis. Optionally, the axis
orientation could be searched or refined in a least-squares man-
ner. At each step, the P(r) function for the symmetric model was
calculated and compared to experimental data. The model with
the best fit to the experimental P(r) data (R = 4.40%) has each
monomer rotated by 25 relative to the apo crystal structure
to create a considerably more open model (Figure 3). While
this model accounts for the majority of the differences seen be-
tween the crystal structure and the experimental data, significant
deviations are still present (Figure 3B). These differences are
highly reliable and contain real information about the solution
conformation of HtpG, and cannot be accounted for by refiningStructurethe rotations and translations of the combined NM domain.
This observation suggests that theremay also be conformational
changes within the NM domain.
The Apo NM Domain of HtpG Adopts a More Extended
Conformation Than that Seen in the Crystal Structure
To test for alterations in the relative orientations of the NTD and
MD in solution, we expressed and purified a truncation mutant of
HtpG (residues 1–495, NM). This allowed us to directly examine
the solution conformation of the isolated NM domain. We col-
lected SAXS data in the absence of nucleotide from a Q of
0.009–0.3 A˚1 with no signs of aggregation, and the calculated
Rg was 30.9 A˚. This value contrasts with the predicted Rg of
27.7 A˚ for the apo crystal structure, suggesting that even the iso-
lated NM domain is more extended in solution than in the crystal.
This conclusion is supported by comparison of the experimental
(Figure 4; black) and predicted P(r) curve (blue) for the apo crystal
structure. The Grp94 NM domain configuration is essentially
identical to the HtpG NM domain from the apo crystal structure,
and thus produces an equivalent result (data not shown). There
are three other known configurations of the NM domain (Ali
et al., 2006; Huai et al., 2005; Shiau et al., 2006), and these
were also compared to the experimental SAXS data. Although
the AMPPNP modeled structure provides the closest fit (green;
R = 4.06%), none of the known conformations accurately
describes the experimental data (Figure 4).
To explore if there were other NM domain arrangements that
would better fit the experimental SAXS data, rigid bodymodeling
was again performed, this time treating the NM domain as two
separate but linked rigid bodies; the rigid NTD (residues 8–228)
and MD (residues 232–493) were connected by flexible residues
(residues 229–231). New software, built within the well-estab-
lished IMP protein-modeling framework (F.F., Benjamin Webb,
K.A.K., Hiro Tsuruta, D.A.A, and A.S., unpublished data; Sali
and Blundell, 1993) was developed to more completely search
the conformational space available to the NM domain. This
methodology minimized a score, S, which consisted of terms
that account for the fit of the model I(Q) to the experimental
data, stereochemistry of the linker atoms, volume clashes, and
the statistical potential DOPE, which seeks to provide well-
packed interfaces (see the Experimental Procedures). Optimiza-
tion started from an initial model, which was obtained from the
apo full-length crystal structure by a random rotation and trans-
lation of the MD around a pivot point at residue 230, keeping the16, 755–765, May 2008 ª2008 Elsevier Ltd All rights reserved 757
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HtpG Conformational Dynamics and Solution StructureFigure 3. Modeling the Apo Scattering Data by Altering the Opening Angle of the Apo Crystal Structure
(A) Schematic showing the setup for the rigid body refinement protocol. The apo crystal structure is treated as three rigid bodies, with the CTD dimerization
domain’s orientation fixed. The orientations of the NM domains were then allowed to vary while maintaining the two-fold symmetry of the dimer.
(B) Normalized P(r) showing the fit of the best model (red) to the apo experimental data (black).
(C) The best-fitting model (R = 3.03%) resulting from the rigid body refinement described in (A). The opening angle between the monomers is 75 in the apo
crystal structure, and expands to 120 in the model, providing a greatly improved estimate of the structure of HtpG in solution.NTD fixed. This randomly generated initial model was optimized
through 50 rounds of a biased Monte Carlo, simulated annealing
algorithm. At each step, the model is randomly perturbed by ap-
proximately 3 A˚, locally optimized by quasi-Newton minimiza-
tion, and then accepted or rejected with the Metropolis criterion
based on the total S score. The quasi-Newton minimization was
required to efficiently produce physically realistic conformations.
This entire process was repeated 500 times, resulting in 500 op-
timized models that covered a broad range of possible HtpG
conformations, largely consistent with the given input informa-
tion. Initial modeling attempts returned unrealistic results, with
the NTD rotated about an axis that extends along the long axis
of the MD. This rotation is inconsistent with any of the known
structures, and seemed to arise from the cylindrical nature of
the MD at low resolution.
To better restrain the search, we aligned theMDs of the known
NM domain crystal structures and compared the rotations of the
NTD. A second pivot point was found between residues 51 and
332. In subsequent modeling runs, these two residues were
restrained to remain within 10 A˚ of one another to prevent the
unrealistic rotations of the NTD that we previously observed.
This entire process was repeated to create 1000 models; the
top 10% of the solutions were then clustered by using pairwise
root-mean-squared deviations (rmsd) of corresponding Ca
atoms (Ca rmsd). Hierarchical clustering demonstrates that the758 Structure 16, 755–765, May 2008 ª2008 Elsevier Ltd All rights rtop solutions fall into three well-populated groups, each with
a mean rmsd of 2.6–2.9 A˚ (Figure 5A). The top solution from
each cluster gives a comparable and excellent fit to the experi-
mental data, comparable to the quality of the fit in the unre-
strained calculation (Figure 5B, green, R = 2.42%; red, R =
1.61%; gold, R = 1.71%). When aligning the solutions by the
secondary structure of the MD, the solutions have significantly
different orientations of the NTD (Figure 5C). However, when
the molecular envelopes are aligned, it can be seen that each
solution occupies a similar volume (Figure 5D). The modeled vol-
umewas also consistent with ab initio beadmodels from the pro-
gram GASBOR (Svergun et al., 2001; data not shown). Given the
low resolution of SAXS data, the different solutions are essen-
tially identical, and effectively represent different rotations of
the nearly cylindrical MD about its axis. Notably, only these three
rotations about the MD cylindrical axis were observed, presum-
ably indicating that they were the only conformations allowed
due to steric interactions between the domains. When aligned
by their MDs, there appears to be a simple rotational progression
in NTD orientation, going from apo crystal structure to our NM
solution model to the AMPPNP state, perhaps defining a confor-
mational trajectory (see Figure S1 in the Supplemental Data
available with this article online). This suggests that our NM
solution models represent an intermediate between the two
previously seen states.eserved
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HtpG Conformational Dynamics and Solution StructureFigure 4. Comparison of Crystallographi-
cally Observed NM Domain Structures to
that Observed in Solution by SAXS
Volume representations of each of the four known
NM domain configurations are shown with silhou-
ettes representing the full-length structure that
complements each configuration. The normalized
P(r) curve for each structure (apo R = 11.9% [blue];
AMPPNP R = 4.06% [green]; ADP extended R =
7.64% [brown]; ADP compact R = 48.8% [purple])
is shown, and the experimental P(r) for NMHtpG is
shown in black. While none of the calculated
curves completely match the experimental data,
the extended AMPPNP structure is best.Modeling the Full-Length Apo HtpG Solution State
Discriminates between the Different Models
for the NM Domain
We are unable to differentiate the three top NM domain models,
because their shapes are indistinguishable at the resolution of
the SAXS data. However, we reasoned that the solutions could
be differentiated when in the context of the full-length model.
When each of these models is grafted onto the full-length
HtpG structure, the NTDs are oriented uniquely with respect to
the CTD. The differences between the NM domain models are,
therefore, accentuated in the context of the full-length models,
and should thus be distinguishable. The MDs of the NM domain
models were aligned with the MDs of the apo crystal structure,
and the crystal structure NTD was replaced with the NTD from
each of the NM domain models. Because the AMPPNP NM do-
main has a reasonable fit to theNMdomain solution P(r) (Figure 4,
green), we included it in the analysis, creating four new apo
models. The initial fitting was done with the PRFIT program,
keeping the MDs aligned for the four models. A clear preference
was demonstrated for one model (Figure 6A, green, R = 4.18%),
and the AMPPNP NM domain scored much worse (Figure 6A,
blue, R = 9.64%).
The four models were further refined by the sameminimization
procedure as that used for the NM domain modeling, this time
focusing on motions about the MD-CTD interface. For each
model, 1000 conformations were optimized, scored, and clus-
tered. The resulting clusters had a mean Ca rmsd for the entire
dimer of 7–10 A˚, indicating that the conformations within each
cluster do not deviate significantly from one another. We exam-
ined the top solution from each cluster and found that they
occupied a similar volume, adding confidence in the solutions
(Figure S2). In the modeling, the two-fold symmetry of the dimer
was restrained, but not rigidly enforced, allowing each solution to
be slightly asymmetrical. The symmetry pairs for each monomer
drawn from the top solution of each cluster were made and the
symmetric models were rescored. This process was repeated
for each of the four models, and the top solution for each NM do-
main configuration was compared (Figures 6B and 6C). All of the
models show a more open and extended structure with a larger
cleft between the twomonomers, as seen in the initial model, and
a more elongated NM domain (Figure 6D). Because the NM
domain models and the AMPPNP NM domain occupy similarStructurevolumes, there is some ambiguity in the positioning of the NM
domain relative to theCTD. However, difference plots (Figure 6C)
demonstrate that one solution (Figure 6D) scored better than the
others. This NM domain configuration also scored the best in the
initial PRFIT modeling (Figure 6A), suggesting that it was the best
choice for the positioning of the NM domain.
Finally, to ascertain how well defined is the predicted struc-
ture, we allowed small rotations (up to ±10) of the arms of the
dimer along each of the three primary axes, x, y, and z, and
the resulting conformations were rescored against the experi-
mental data. The solution conformation appears to be well de-
fined, as small deviations in conformation along any of the three
axes cause the fit to the experimental data to rapidly fall off (Fig-
ure S3), and as was already demonstrated, variations in the NM
domain also dramatically reduce the fit to the experimental data.
SAXS Analysis of HtpG-AMPPNP Reveals a Mixture
of Two Populations in Solution
After demonstrating that the apo solution structure varied signif-
icantly from the crystal structure, it was important to determine if
the same was true for the AMPPNP-bound form of HtpG. Not
only was the crystal structure from a different species (yeast),
but it was also in complex with the yeast p23 cochaperone (Ali
et al., 2006). To control for differences in sequence between
the two proteins, we created a homology model by aligning the
HtpG domains with the domains of the yeast protein structure
(Figure 2A). The P(r) function calculated from the homology
model was compared to the experimental P(r) recorded with sat-
urating concentrations of AMPPNP (Figure 7A). The predicted Rg
for the crystal structure of 40.1 A˚ is significantly smaller than that
actually observed (47.5 A˚), suggesting that the solution structure
is less compact than the crystal. As in the case of the apo protein,
the P(r) functions overlay well between 0 and 20 A˚, indicating that
the structure within the individual domains remains relatively un-
changed. Once again, rigid body modeling was used to fit the
AMPPNP SAXS data. However, in this case, rigid body modeling
was unable to fit the experimental data well (data not shown).
A striking feature of the HtpG-AMPPNP SAXS data in compar-
ison to the crystal structure is that the position of the peak in the
two P(r) functions lines up perfectly (Figure 7A). The differences
between the two curves lie at greater distances where a second
population of distances appears in the solution data. This16, 755–765, May 2008 ª2008 Elsevier Ltd All rights reserved 759
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HtpG Conformational Dynamics and Solution StructureFigure 5. Modeling the SAXS Data for the NMHtpG
(A) Clustering of the solutions from one modeling run of the NM domain data yields three well-populated groups.
(B) P(r) curves for the top model from each cluster as compared to the experimental data shown in black. All the top models fit the experimental data.
(C) Structure of the top models, the P(r) functions of which are shown in the corresponding color described in (B).
(D) Alignment of the volumes of the models shown in (C) reveals that they all have the same molecular volume. The differences result from rotations about the
nearly cylindrical MD.suggests that the HtpG-AMPPNP SAXS data correspond to
a mixture of populations. One population similar to the crystal
structure could account for the peak, and a second, more ex-
tended population could account for the greater distances. By
re-examining the distance distribution of the apo solution model,
it became apparent that the shape of the distance distribution
function at greater distances in the HtpG-AMPPNP data was
similar to that from the apo solution structure. The simplest
model was therefore that the HtpG-AMPPNP SAXS data repre-
sented a mixture of two populations, one corresponding to the
known AMPPNP-bound structure, and the other corresponding
to the apo solution conformation. We calculated linear combina-
tions of the P(r) curves derived from the AMPPNP-bound model
(Figure 2B) and the apo HtpG SAXS data, and compared them to
the HtpG-AMPPNP SAXS data. An excellent fit (R = 1.03%) was
obtained using a mixture of 46% AMPPNP crystal conformation
and 54% of the full-length apo solution data (Figure 7B).760 Structure 16, 755–765, May 2008 ª2008 Elsevier Ltd All rights rDISCUSSION
Determining structures from SAXS data is an underdetermined
problem. That is, multiple solutions potentially have similar fits
to the experimental data. Our recently developed modeling
methods were designed to fully explore this possibility. Our Me-
tropolis Monte Carlo-simulated annealing optimization strategy
allows a very large number of possible configurations to be thor-
oughly explored, and the inclusion of pseudo-energy terms,
such as the DOPE potential, provides additional restraints to
help pick the optimal solution. The resultant models were clus-
tered based on both structural deviations and quality, resulting
in a small number of discrete solutions. As seen in the case of
the NM data, several different domain configurations were dis-
covered that gave similar fits to the experimental data. To the
resolution of the SAXS data, these different configurations,
which are easily distinguishable by the positioning of secondaryeserved
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HtpG Conformational Dynamics and Solution StructureFigure 6. Modeling the Full-Length Apo SAXS Data with Different NM Domain Configurations
(A) P(r) curves were calculated for each of the full-length apo models with PRFIT. The MD of each model was kept aligned according to the secondary structure.
The P(r) curves for the full-length apo models were compared to the experimental full-length apo SAXS data (black diamonds). Each color represents a different
NMdomain configuration calculated from the NMdomain experimental SAXS data, as shown in Figure 5. Blue diamonds represents the full-lengthmodel with the
AMPPNP-bound NM domain.
(B) The apo models in (A) were further refined by the rigid body modeling procedure implemented in IMP. Each model is shown in the same color as in (A).
(C) Residuals of the four different models as compared to the experimental full-length apo SAXS data reveals that one model (green curve) fits significantly better
than the others (R = 2.6%).
(D) Structure of the best-fitting model. The marked rotations show the transformations required to go from the apo crystal structure to the SAXS model.structure elements, occupy essentially indistinguishable vol-
umes. In the case of HtpG, this ambiguity was greatly reduced
by placing these models in the context of the full-length struc-
tures, where the single best solution could then be selected.
Similarly, although the modeled AMPPNP NM structure also
provides a reasonable fit to the NM SAXS data, it requires
a very large rotation (80) about the MD vertical axis to fit the
full-length solution data, and gave a worse fit at multiple stages
of the optimization process. Together, this suggests that our
modeled conformation is the most appropriate choice. The full-
length solution also appears to be well determined in terms of
the positioning of the MD relative to the CTD. A small rotation
of the arms in the x, y, or z directions causes large changes in
the fit to the experimental data, suggesting that the full-length
structure is well defined by the SAXS data. Our SAXS data and
modeling reveal that rigid body motions about junctions in both
domain interfaces are required to accurately describe the apoStructureHtpG solution structure. In the crystal, apo HtpG dimers form
long, interlocking fibrils (Shiau et al., 2006) that apparently dic-
tate the opening angle of the dimer cleft. By contrast, in solution,
the HtpG dimer preferentially adopts a more extended confor-
mation that is quite different from any of the crystal structures.
This extension may have an impact on the size of client proteins
that can be recognized. Extensive modeling studies exploring
linear combinations of conformations (data not shown) suggest
that a well-defined conformation dominates in solution. How-
ever, given that rather weak crystal packing forces can signifi-
cantly distort this angle, it seems likely that Hsp90 is able to alter
its opening angle to accommodate the diverse sizes and shapes
of its protein substrates (Figures 8A and 8B).
In the SAXS solution conformation, the orientation of the NTD
with respect to the MD is also different from any of the observed
crystal structure conformations (apo, AMPPNP, ADP extended,
ADP compact). The solution data indicate an arrangement in16, 755–765, May 2008 ª2008 Elsevier Ltd All rights reserved 761
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HtpG Conformational Dynamics and Solution StructureFigure 7. Modeling the HtpG-AMPPNP
Scattering Data
(A) Normalized P(r) for the AMPPNP-HtpG homol-
ogy model shown in Figure 2A (red) compared to
the experimental P(r) for AMPPNP-HtpG (black).
(B) Modeling the HtpG-AMPPNP experimental
data (black) with a linear combination (red) of
44.5% of the AMPPNP-bound model in Figure 2A
and 55.5% of the apo solution structure shown in
Figure 6. Even with saturating nucleotide, there is
an equilibrium between open and closed states.which the NTD is rotated away from theMDby 40 in comparison
to the apo crystal structure. This difference may have conse-
quences for the ability of the NTD to bind nucleotide. The ar-
rangement of the N-terminal andMDs in the apo crystal structure
is incompatible with nucleotide binding. Gln 122 and Phe 123
from a conserved structural element known as ‘‘the active site
lid’’ (residues 100–126) are positioned to directly block nucleo-
tide binding in the apo structure. Nucleotide binding requires
that this lid region be reorganized; however, this reorganization
would lead to steric clashes between the NTD and theMD (Shiau
et al., 2006) that can only be relieved by repositioning the NTD.
The more extended NTD-MD conformation seen in both the
free NTD-MD fragment and the intact apo HtpG in solution could
accommodate the necessary repositioning of the lid, allowing
nucleotide to bind.Whether themore closedNTD-MD configura-
tion seen in the crystal is physiologically relevant, for example, by
being in equilibrium with the conformation determined here, will
need to be explored.
In the presence of saturating concentrations of AMPPNP,
HtpG can adopt the same conformation as that observed in
the crystal structure of the yeast ortholog when complexed
with the cochaperone p23. Despite their evolutionary distance,
this similarity provides further evidence for the common struc-
tural and mechanistic behavior of the prokaryotic and eukaryotic
Hsp90s, and suggests that p23 binding does not significantly
alter the intrinsic ATP-state conformation. The prevailing model
of the Hsp90 chaperone cycle posits that Hsp90 progresses
through a series of nucleotide-dependent conformations in
a step-wise mechanism, in a similar manner as Hsp70 or GroEL.
Our analysis of the solution scattering data from HtpG shows
that the mechanistic cycle of Hsp90 is not a deterministic pro-
cess. Instead, the chaperone cycle of Hsp90 is better under-
stood as a largely stochastic process in which AMPPNP biases,
but does not uniquely determine, the conformational equilibrium
between our novel determined HtpG open-extended state and
the closed, AMPPNP-bound state seen in the crystal structure
of full-length yeast Hsp90 bound to AMPPNP (Figure 8C). While
the open-closed equilibrium described here was observed for
the bacterial homolog, reports from Frey et al. (2007) suggest
that this equilibrium is also important for other Hsp90 homologs.
Through the use of kinetic studies, they report that 97%of Grp94
is found in an open state when ATP is bound, and, for yeast
Hsp90, only 20% is found in the open state upon the binding
of ATP (Frey et al., 2007). Previous SAXS studies on human
Hsp90 have shown that the binding of ATP causes no significant762 Structure 16, 755–765, May 2008 ª2008 Elsevier Ltd All rights rchange in the Rg of the protein (Zhang et al., 2004), suggesting
that like Grp94, the ATP-dependent equilibrium for the human
Hsp90 lies mainly in the direction of the open state. It seems
likely that these differences represent species-specific optimiza-
tions in regulating a single common chaperone cycle for Hsp90,
and the origins of these differences warrant further study.
While this work focuses on the apo and ATP states of HtpG,
the ADP-bound state is also of interest. Initial SAXS experiments
have been carried out for HtpG in the presence of ADP, and
minimal differences between apo HtpG and ADP-bound HtpG
have been observed (Figure S4). While this contrasts with the
observation of a compact ADP state presented by Shiau et al.
(2006), negative stain EM data clearly shows that this state exists
and is well populated under the EM conditions (Daniel R. South-
worth, personal communication). Thus, we believe that the most
parsimonious conclusion is that the compact state is an acces-
sible conformation for HtpG and, perhaps all Hsp90s, but that
its population depends on conditions such as protein concentra-
tion, salt, pH, etc. As such, it is a poorly populated transient state
in our SAXS experiments. Further work is ongoing to better
characterize the requirements for the formation of the ADP
compact state.
The discovery of a dynamic equilibrium between an open state
and a closed state, both of which are bound to AMPPNP, has
important implications for the mechanism of Hsp90 action. First,
it places limitations on the amount of energy available from ATP
binding that could be utilized to drive substrate activation. Sec-
ond, it suggests that ATP hydrolysis and subsequent release of
ADP or Pi could be the most energetically demanding steps in
the cycle, much as in myosin (White and Taylor, 1976), and these
steps could be coupled to client protein release. Additionally, the
binding of client proteins to Hsp90may affect the equilibrium be-
tween the two conformations, favoring or disfavoring the closed
state, thereby altering the rates of ATP hydrolysis. Cytosolic eu-
karyotic Hsp90s are known to require a number of cochaperones
for correct in vivo function. By contrast, no Hsp90 cochaper-
ones, which could preferentially stabilize particular conforma-
tional states, have been discovered in prokaryotes. Thus, while
eukaryotes could utilize cochaperone binding to alter the
Hsp90 conformational equilibrium, prokaryotic Hsp90s might
rely solely on the dynamic equilibrium for function, and thus be
less efficient than their eukaryotic orthologs.
These insights into the mechanism of Hsp90 highlight the
importance of studying the structure and dynamics of Hsp90
in solution. Not only have we been able to identify noveleserved
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(A and B) Potential substrate binding modes of Hsp90. (A) Presentation of the extended solution structure that could bind large substrates on the order of 130 A˚.
(B) Presentation of the progesterone receptor ligand binding domain (1SQN; Madauss et al., 2004) docked to the crystal structure of Hsp90, demonstrating how
Hsp90 may bind smaller client proteins. As proposed by Fang et al. (2006), the CTD amphipathic helix could readily displace the ligand-gated helix12 of the
receptor (highlighted in red).
(C)Model for the effects of ATP onHsp90 conformation: in the unliganded state, HtpG is in an open state that is relatively flat and has a large cleft that is accessible
for client protein binding. Once ATP is bound, an equilibrium is established between the open state and a compact closed state.conformations of the bacterial Hsp90, but we have determined
that the binding of nucleotide affects conformation differently
than previously thought. It would have been extremely difficult
to dissect the role of a conformational equilibrium as part of
the chaperone cycle through the use of crystallography studies
alone. Similar solution studies can now be conducted to investi-
gate the potential of other intermediate conformations in the
cycle, and to further investigate the dynamics of the currently
known conformations. These results also provide critical insights
into the energetics of substrate activation and are an important
step in better understanding themolecularmechanism of Hsp90.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Full-length HtpG (residues 1–624) was cloned into pET29b (Invitrogen) and the
HtpG truncation mutant, NMHtpG (residues 1–495), was cloned into pET151
with the TOPO cloning system (Invitrogen). Both constructs were expressed
in E. coli with BL21(DE3) cells (Invitrogen). The full-length protein was purified
by successive passage over DE52 (Whatman), monoQ, and gel filtration
(Amersham Biosciences) columns with a final buffer of 20 mM Tris (pH 7.5),
100 mM NaCl. NMHtpG was first passed over Ni-NTA agarose and the
collected peak was cleaved with TEV overnight. The cleaved protein was
then purified by gel filtration into a final buffer of 20 mM Tris (pH 7.5), and
100 mM NaCl. The purified proteins were collected and concentrated with
a 10 kDa molecular weight cutoff Amicon Ultra spin concentrators (Millipore).
The samples were exchanged with a desalting column (GE Healthcare) into
50 mM Tris (pH 7.5 or pH 9), 50 mM KCl, 10 mM MgCl2, and 1 mM DTT.StructureSamples were concentrated with Millipore Ultrafree-0.5 Centrifugal Filter
Units to between 10 and 30 mg/ml, as estimated by absorbance at 280 nm.
TheA260 nm:A280 nm ratiowasmeasuredas<0.6, giving confidence thatnonucle-
otide was present in the purified sample. Samples were split into three aliquots,
with 10 mM AMPPNP added to one aliquot and 10 mM ADP added to another.
Sampleswere then flash frozen in liquid nitrogen and stored at80C. Samples
with AMPPNPwere kept at pH 7.5, whereas samples with no nucleotide or ADP
were used at both pH 7.5 and pH 9. Other measurements, including negative
stain electron microscopy (Daniel R. Southworth, personal communication),
suggest that the apo and ADP sample is more homogenous at pH 9.
SAXS Data Collection
Initial SAXS measurements were collected at beamline 4-2 at the Stanford
Synchrotron Radiation Laboratory (SSRL) and at the BioCAT beamline (18-ID)
at the Advanced Photon Source. Data reported here was collected at SSRL
beamline 4-2 and at the SIBYLS beamline (12.3.1) at the Advanced Light
Source (ALS). To minimize aggregation, samples were spun in a table-top
microcentrifuge for 5 min immediately before data collection. Data were then
collected at 25C at 2.5, 5, and 10 mg/ml. At the ALS, samples were exposed
for 7 and 70 s at a detector distance of 1.6 m. At SSRL, samples were exposed
for five 30 s exposures at a detector distance of 2.5 m. The data were collected
on a Mar165CCD detector, and the detector channels were converted to Q =
4psinq/l, where 2q is the scattering angle and l is the wavelength, with a silver
behenate sample as a calibration standard. The data were circularly averaged
over the detector and normalized by the incident beam intensity.
SAXS Data Analysis
The raw scattering data, I(Q), were scaled and the buffers were subtracted.
Variations were seen in the amplitude of the high Q data for data sets that16, 755–765, May 2008 ª2008 Elsevier Ltd All rights reserved 763
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tions were linearly extrapolated to the buffer background signal. The experi-
mental buffers were then scaled to match the calculated buffer background
signal. This correction was only necessary for precise comparison to molecu-
lar models, and did not affect the overall shape of either the scattering curves
or the P(r) profiles. Individual scattering curves for a given nucleotide condition
collected at different concentrations and over different scattering angle ranges
were scaled and merged to yield a single, low-noise average scattering curve.
The Rg values were initially calculated from the Guinier plot as implemented in
the program PRIMUS (Konarev et al., 2003). The P(r) values were then calcu-
lated with the program GNOM (Svergun, 1992). Dmax was determined by con-
straining rmax to zero and then varying rmax between 160 and 190 A˚. The rmax
that yielded an Rg that best matched the Rg calculated from the Guinier plot
and had the highest ‘‘total estimate’’ was chosen as Dmax.
Molecular Modeling of the Scattering Data
Two strategies were employed for modeling: a rigid body grid search/least-
squares refinement method (PRFIT) and a more comprehensive modeling
strategy developed within IMP (Sali and Blundell, 1993). In PRFIT, an exhaus-
tive rotational grid search could be made about defined axes (derived from
comparison of crystal structures) separating the NTD and MD domains and/
or theMDandCTD domains. Alternatively, completely arbitrary rotations could
bemade about a pivot point separating either set of domains. For themodeling
described here, strict two-fold dimer symmetry was enforced. To simplify the
calculations, the shape of all atoms was assumed to be identical, while the
electron content was based on the solvent-corrected electron scattering
factors for each atom type (Fraser et al., 1978). For each conformation, the cal-
culated Pcalc(r) was scaled and compared to the experimentally derived Pobs(r)
with an R factor metric similar to that routinely used in X-ray crystallography
(R = Sjj Pobs(r) j  jPcalc(r)jj / S jPobs(r)j). Optionally, at each grid step or at the
end, the rotations and/or translations about the pivot point could be refined by
several cycles of least-squares minimization. Additionally, linear combinations
of either adjustable or rigid models (total of three simultaneous search angles)
could be combined at each grid step by a completely deterministic linear
least-squares scaling procedure.
The more extensive simultaneous rotation/translation optimization strategy
protocol was implemented in IMP to minimize a combined S score (F.F., Ben-
jamin Webb, K.A.K., Hiro Tsuruta, D.A.A, and A.S., unpublished data). In brief,
the S score of a given model consisted of the sum of several individual scores:
S = SSAXS + Sstereo + Sclash + SDOPE + Ssym, where SSAXSmeasures the violation
of SAXS data, I(Q), Sstereo accounts for stereochemistry according to the
CHARMM force field (MacKerell et al., 1998), Sclash measures steric clashes,
SDOPE is a statistical potential meant to describe the quality of the domain in-
terface (Shen and Sali, 2006), and Ssym is used to enforce an approximate two-
fold symmetry by ensuring that the differences in pair-wise distances within
symmetric subunits were small. Similar to previous approaches to modeling
based on SAXS data (Svergun, 1999), we chose SSAXS essentially as the
squared deviation between the experimental SAXS data and the calculated
SAXS spectrum of the model. To calculate the SAXS spectrum of the model,
we used the Debye model (Debye, 1915) because it enabled us to use
gradient-based optimization algorithms.
To sample different minima of S, many independent optimizations were car-
ried out, starting from different random initial configurations. For the modeling
of the NTD-MD construct, 500 initial configurations were obtained from the
apo crystal structure (Shiau et al., 2006) by rotating the MD around an arbitrary
axis by an angle of 0–360 and allowing for a random translation of up to 10 A˚.
Based on the known crystal structures (Ali et al., 2006; Huai et al., 2005; Shiau
et al., 2006), residues 229–231 were defined as a flexible linker. For the full-
length HtpG model, 1000 initial configurations were obtained by rotations of
the NTD-MD domain around residue 493. Random orientations were chosen
within a maximum angular range of ±50. In addition, a random translation
of less than 5 A˚ was applied. The two-fold symmetry was maintained for the
initial configurations. Residues 494–500, which are not resolved in the crystal
structures, were defined as flexible linkers.
The optimization protocol was a biasedMonte Carlominimization: first, each
model was optimized with a quasi-Newton optimization. Next, the model was
iteratively perturbed and subsequently optimized. Themodel was accepted as
the input for the next iteration according to the Metropolis criterion. A total of764 Structure 16, 755–765, May 2008 ª2008 Elsevier Ltd All rights r50 refinement iterations were carried out for each model, exponentially de-
creasing the temperature at each iteration. For the final 25 interations, SDOPE
was added to the S score. The top 10% of best-scoring models, according
to SSAXS, were retained for hierarchical clustering based on the pair-wise Ca
rmsd for all pairs of the models (MATLAB; TheMathworks, Inc.). As a threshold
for the clustering, we chose 4 A˚ for the NTD-MD construct and 14 A˚ for the
full-length HtpG models.
SUPPLEMENTAL DATA
Supplemental Data include four figures and are available with this article online
at http://www.structure.org/cgi/content/full/16/5/755/DC1/.
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